SM. Progressive dysfunction of nitric oxide synthase in a lamb model of chronically increased pulmonary blood flow: a role for oxidative stress. Am J Physiol Lung Cell Mol Physiol 295: L756 -L766, 2008. First published August 29, 2008 doi:10.1152/ajplung.00146.2007.-Cardiac defects associated with increased pulmonary blood flow result in pulmonary vascular dysfunction that may relate to a decrease in bioavailable nitric oxide (NO). An 8-mm graft (shunt) was placed between the aorta and pulmonary artery in 30 late gestation fetal lambs; 27 fetal lambs underwent a sham procedure. Hemodynamic responses to ACh (1 g/kg) and inhaled NO (40 ppm) were assessed at 2, 4, and 8 wk of age. Lung tissue nitric oxide synthase (NOS) activity, endothelial NOS (eNOS), neuronal NOS (nNOS), inducible NOS (iNOS), and heat shock protein 90 (HSP90), lung tissue and plasma nitrate and nitrite (NO x), and lung tissue superoxide anion and nitrated eNOS levels were determined. In shunted lambs, ACh decreased pulmonary artery pressure at 2 wk (P Ͻ 0.05) but not at 4 and 8 wk. Inhaled NO decreased pulmonary artery pressure at each age (P Ͻ 0.05). In control lambs, ACh and inhaled NO decreased pulmonary artery pressure at each age (P Ͻ 0.05). Total NOS activity did not change from 2 to 8 wk in control lambs but increased in shunted lambs (ANOVA, P Ͻ 0.05). Conversely, NO x levels relative to NOS activity were lower in shunted lambs than controls at 4 and 8 wk (P Ͻ 0.05). eNOS protein levels were greater in shunted lambs than controls at 4 wk of age (P Ͻ 0.05). Superoxide levels increased from 2 to 8 wk in control and shunted lambs (ANOVA, P Ͻ 0.05) and were greater in shunted lambs than controls at all ages (P Ͻ 0.05). Nitrated eNOS levels were greater in shunted lambs than controls at each age (P Ͻ 0.05). We conclude that increased pulmonary blood flow results in progressive impairment of basal and agonist-induced NOS function, in part secondary to oxidative stress that decreases bioavailable NO. pulmonary circulation; oxidant stress; congenital heart disease; reactive oxygen species INFANTS AND CHILDREN with congenital cardiac defects that cause significantly increased pulmonary blood flow suffer morbidity due to early aberrations in pulmonary vascular function (17). In fact, this early pulmonary vascular dysfunction is often exacerbated in the immediate postoperative period, manifesting as increased vascular reactivity that may produce severe hypoxemia, acidosis, low cardiac output, and death if not treated immediately (7, 11, 31) . A complete understanding of the mechanisms responsible for this pulmonary vascular dysfunction is lacking, but evidence suggests that aberrant nitric oxide (NO)-cGMP signaling and oxidative stress may participate (1, 3, 6, 11, 15, 33, 39, 41) .
mechanisms responsible for this pulmonary vascular dysfunction is lacking, but evidence suggests that aberrant nitric oxide (NO)-cGMP signaling and oxidative stress may participate (1, 3, 6, 11, 15, 33, 39, 41) .
Basal NO production by the vascular endothelium is integral to the maintenance of the normal low resistance state of the pulmonary vasculature, and dynamic alterations in NO production modulate vascular relaxation and constriction in response to various stimuli. NO is produced in vascular endothelial cells by nitric oxide synthase (NOS) from the oxidation of the guanidino nitrogen moiety of L-arginine. Once formed, NO diffuses into vascular smooth muscle cells where it activates soluble guanylate cyclase (sGC), which produces cGMP from GTP, resulting in smooth muscle relaxation through activation of a cGMP-dependent protein kinase (19, 25) . Both animal and human studies indicate that abnormally increased pulmonary blood flow results in an early selective impairment of endothelium-dependent pulmonary vascular relaxation, suggestive of decreased NO bioavailability (11, 33) .
Impaired bioavailable NO has been implicated in a number of cardiovascular diseases and has been associated with oxidative stress resulting from the production of reactive oxygen species (ROS) (10, 15) . Although multiple pathological mechanisms have been proposed, the reaction of superoxide anion with NO may be particularly important. Both NO and superoxide possess unpaired electrons and thus react avidly to form peroxynitrite. In the setting of increased superoxide generation, this rapid reaction may scavenge NO, decreasing its bioavailability. In addition, peroxynitrite may directly disrupt cellular function, in part through the nitration of tyrosine residues on target proteins.
We (32) have previously developed a clinically relevant animal model of a congenital cardiac defect with abnormally increased pulmonary blood flow, created by the placement of a vascular graft (shunt) between the aorta and pulmonary artery in the late gestation fetal lamb, with which early mechanisms of disease may be explored. The purpose of this study was to test the hypothesis that bioavailable NO decreases over time in shunted lambs due to progressive NOS dysfunction and increased oxidative stress. To evaluate NOS function over time, we assessed pulmonary vascular relaxation in response to the NOS-dependent vasodilator ACh and the NOS-independent selective pulmonary vasodilator inhaled NO (iNO) in sham-operated and shunted lambs at 2, 4, and 8 wk of age. In addition, we performed peripheral lung tissue assays of NOS activity, assessed nitrate and nitrite (NO x ) levels (an indirect determinant of bioavailable NO) in plasma and peripheral lung tissue, determined lung tissue endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS) protein levels, and localized iNOS protein using immunohistochemistry in sham-operated control and shunted lambs at 2, 4, and 8 wk of age. In addition, since interactions between heat shock protein 90 (HSP90) and eNOS are known to be important for normal NOS function, we determined lung tissue protein levels of HSP90 in sham-operated and shunted lambs at each age (40) . Finally, as a measure of oxidative stress, we determined lung tissue superoxide anion levels by electron paramagnetic resonance (EPR) and eNOS nitration, an indirect measure of peroxynitrite production, in sham-operated and shunted lambs at each age.
METHODS
Surgical preparation. Thirty mixed-breed Western pregnant ewes (137-141 days gestation, term ϭ 145 days) were anesthetized with the use of local anesthesia (2% lidocaine hydrochloride) and inhaled anesthesia (1-3% isoflurane). The pregnant horn of the uterus was exposed, followed by the left fetal chest. With the use of side-biting vascular clamps, an 8.0-mm Gore-tex vascular graft (ϳ2-mm length) (W. L. Gore and Assos., Milpitas, CA) was anastomosed between the ascending aorta and main pulmonary artery with 7.0 proline (Ethicon, Somerville, NJ) using a continuous suture technique. This procedure was previously described in detail (28) . An additional group of 27 fetal lambs underwent an identical procedure but did not have a graft placed (sham-operated lambs).
At 2, 4, or 8 wk after spontaneous delivery, sham-operated (n ϭ 4 for each age group) and shunted lambs (n ϭ 5 for each age group) were anesthetized with ketamine hydrochloride (15 mg/kg im). Polyurethane catheters were placed in an artery and vein of a hind leg and advanced to the descending aorta and the inferior vena cava, respectively. The lambs were then anesthetized with ketamine hydrochloride (ϳ0.3 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ), diazepam (0.002 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ), and fentanyl citrate (1.0 g ⅐ kg Ϫ1 ⅐ h Ϫ1 ), intubated with a 7.0-mm outer diameter cuffed endotracheal tube, and mechanically ventilated with a V.I.P. Bird Sterling (Palm Springs, CA) time-cycled, pressure-limited ventilator. The lambs were maintained normothermic (39°C) with a heating blanket. With strict aseptic technique, a midsternotomy incision was then performed. Using a purse-string suture technique, polyurethane catheters were placed directly into the right and left atrium and main pulmonary artery. An ultrasonic flow probe (Transonic Systems, Ithaca, NY) was placed around the left pulmonary artery to measure pulmonary blood flow.
An additional group of 2-, 4-, and 8-wk sham-operated control and shunted lambs (n ϭ 5 for each group) were anesthetized as above, and the lungs were harvested for study. Lung pieces were snap-frozen in liquid nitrogen and stored at Ϫ80°C. In addition, 30 ml of arterial blood was collected in iced BD Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) containing EDTA (7.5 mmol/l). The samples were centrifuged (4,000 g for 15 min) at 4°C, and the resulting plasma was snap-frozen in liquid nitrogen and then stored in polypropylene storage tubes at Ϫ80°C.
At the end of the protocol, all lambs were killed with a lethal injection of sodium pentobarbital followed by bilateral thoracotomy as described in the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All protocols and procedures were approved by the Committee on Animal Research of the University of California, San Francisco.
Measurements. Pulmonary and systemic arterial and right and left atrial pressures were measured using Sorenson Neonatal Transducers (Abbott Critical Care Systems, North Chicago, IL). Mean pressures were obtained by electrical integration. Heart rate was measured by a cardiotachometer triggered from the phasic systemic arterial pressure pulse wave. Left pulmonary blood flow was measured on an ultrasonic flow meter (Transonic Systems). All hemodynamic variables were measured continuously using the Gould Ponemah Physiology Platform (version 4.2) and Acquisition Interface (Model ACG-16; Gould, Cleveland, OH) and recorded with a Dell Inspiron 5160 computer (Dell, Round Rock, TX). Blood gases and pH were measured on a Radiometer ABL 5 pH/blood gas analyzer (Radiometer, Copenhagen, Denmark). Hemoglobin concentration and oxyhemoglobin saturation were measured by a co-oximeter (model 682; Instrumentation Laboratory, Lexington, MA). Pulmonary vascular resistance was calculated using standard formulas. Shunt fraction (Qp/Qs) was determined using the Fick principle. Body temperature was monitored continuously with a rectal temperature probe.
Pulmonary vascular reactivity. Pulmonary vascular responses were assessed in response to ACh and iNO. Lambs were instrumented as above and allowed to rest for a minimum of 30 min. Mechanical ventilation was adjusted to maintain PCO 2 between 35 and 40 mmHg and pH between 7.35 and 7.40. Sodium bicarbonate was administered to correct metabolic acidosis if it occurred. The inspired oxygen concentration was maintained at 21%. Baseline hemodynamics and pulmonary blood flow were recorded. In random order, ACh (1 g/kg) or iNO (40 ppm) was administered. ACh chloride (IOLAB, Claremont, CA) was diluted in sterile 0.9% saline and delivered by rapid injection into the pulmonary artery. iNO was delivered to the inspiratory limb of the respiratory circuit (INOvent; Ohmeda, Liberty, NJ) and continued for 15 min. The inspired concentrations of NO and nitrogen dioxide were continuously quantified by electrochemical methodology (INOvent, Ohmeda). The hemodynamic variables were monitored and recorded continuously. A minimum of 30 min separated the administration of ACh and iNO, and the second agent was not given until baseline hemodynamics returned.
We (3, 27, 33) demonstrated previously intact pulmonary vascular responses to endothelium-dependent and -independent vasodilating agents in normal lambs at 1, 4, and 8 wk of age. Since pulmonary vasodilating responses to many vasoactive agents are dependent on baseline pulmonary vascular tone and are minimal in the normal resting state, responses to ACh and iNO were assessed after the pulmonary vasculature was constricted by an intravenous infusion of U-46619 (a thromboxane A2 mimic) (34) . To confirm these findings in the present study, pulmonary vascular responses to ACh and iNO were assessed in 12 sham-operated lambs at 2, 4, and 8 wk of age (n ϭ 4 for each age group). Lambs were instrumented and allowed to recover as above. Baseline hemodynamics were recorded. An infusion of U-46619 was initiated through a dedicated catheter into the inferior vena cava. The dose (approximately 1-2 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was titrated to increase mean pulmonary artery pressure to 1.5 times baseline. After a period of 15 min at a steady state, pulmonary vascular responses to ACh and iNO were assessed as above.
Preparation of protein extracts and Western blot analysis. Lung protein extracts were prepared by homogenizing peripheral lung tissues in Triton lysis buffer (50 mM Tris ⅐ HCl, pH 7.6, 0.5% Triton X-100, 20% glycerol) containing a protease inhibitor cocktail. Extracts were then clarified by centrifugation (15,000 g ϫ 10 min at 4°C). Supernatant fractions were then assayed for protein concentration using the Bradford reagent (Bio-Rad) and used for Western blot analysis. Western blot analysis was performed as previously described (2, 23, 44) . Briefly, protein extracts (25 g) were separated on 7.5% denaturing polyacrylamide gels for eNOS, iNOS, nNOS, and HSP90. All gels were electrophoretically transferred to Hybond-PVDF membranes (Amersham, Arlington Heights, IL). The membranes were blocked with 5% nonfat dry milk in TBS containing 0.1% Tween (TBS-T). After blocking, the membranes were incubated at room temperature with a 1:2,500 dilution of the NOS antiserum of interest, 1:1,000 dilution of HSP90, or a 1:10,000 dilution of ␤-actin, washed with TBS containing 0.1% Tween, and then incubated with a goat anti-mouse IgG-horseradish peroxidase. After washing, the protein bands were visualized with chemiluminescence using a Kodak Digital Science Image Station (NEN) and analyzed using the KED-1 software. All captured and analyzed images were determined to be in the dynamic range of the system.
The eNOS, iNOS, nNOS, and HSP90 antiserum was obtained from BD Transduction Laboratories (Lexington, KY). Positive controls were run to demonstrate antibody specificity. To normalize for protein loading, blots were reprobed with the housekeeping protein, ␤-actin. The methodology and exposure times used were those that we have previously demonstrated to be within the linear range able to detect changes in lung protein expression.
Confocal immunohistochemistry. Snap-frozen lung tissue samples were embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), cryosectioned at 5 m, collected onto Superfrost Plus slides (VWR Scientific, West Chester, PA), allowed to air-dry at room temperature, and stored at Ϫ80°C until needed. Double-labeling immunofluorescence was performed on serial lung sections using rabbit anti-iNOS (BD Transduction Laboratories), mouse anti-eNOS (BD Transductions Laboratories), and mouse anti-caldesmon (Sigma Chemical, St. Louis, MO). Fresh-frozen tissue sections were allowed to come to room temperature, washed in PBS, and fixed in ice-cold acetone for 10 min. Sections were air-dried for 1 h, permeabilized in PBS with 0.1% Triton X-100 for 10 min, blocked in 10% normal goat serum overnight at 4°C, and then incubated in primary antibody for 1 h at room temperature. Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 546 goat anti-mouse antibodies (Molecular Probes) were used for detection of iNOS and eNOS/smooth muscle caldesmon, respectively. Sections were washed several times in PBS, mounted, and coverslipped in antifading aqueous mounting medium.
The confocal images were taken on a Zeiss LSM 510 Meta confocal laser scanning microscope using Plan Neofluar ϫ40/1.3 oil differential interference contrast (DIC) objective and Argon 488 and HeNe 543 lasers. A series of images at 1-m interval focal planes were collected into a single file or z-stack to determine actual colocalization. Recorded images were processed using Adobe Photoshop software. The images were imported to the Zeiss LSM Image Browser software. Region of interest was selected for analysis using a freehand selection tool. To minimize the noise levels in the fluorescence quantification, minimum threshold value was set to 1,800. Mean intensity of the signal above this threshold was recorded.
Assay for NOS activity. NOS activity was determined using the conversion of [ 3 H]L-arginine to [ 3 H]L-citrulline as described by Bush et al. (8) . Briefly, peripheral lung tissues were homogenized in NOS assay buffer (50 mM Tris ⅐ HCl, pH 7.5, containing 0.1 mM EDTA and 0.1 mM EGTA) with a protease inhibitor cocktail. Enzyme reactions were carried out at 37°C in the presence of total lung protein extracts (25 units) , and 5 mM calcium to produce conditions that drive the reaction at maximal velocity. Duplicate assays were run in the presence of the NOS inhibitor nitro-L-arginine methyl ester (L-NAME) to detect nonspecific production of [ 3 H]citrulline. This value was then subtracted to obtain the final activity value. Assays were incubated for 60 min at 37°C such that no more than 20% of the [ 3 H]arginine was metabolized to insure that the substrate was not limiting. The reactions were stopped by the addition of iced stop buffer (20 mM sodium acetate, pH 5, 1 mM L-citrulline, 2 mM EDTA, and 0.2 mM EGTA) and then applied to columns containing 1 ml of Dowex AG 50W-X8 resin, Na ϩ form, preequilibrated with 1 N NaOH. [ 3 H]L-citrulline was then quantitated by scintillation counting. All activities were normalized to the amount of protein in each lysate. To determine the potential contribution of iNOS to total NOS activity, assays were repeated without calcium supplementation.
Superoxide quantitation. Superoxide levels in lung tissue taken from shunted lambs were estimated by EPR assay using the spin-trap compound 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine ⅐ HCl (CMH) in the presence and absence of polyethylene glycol-SOD (PEG-SOD), as we (45, 46) have previously described.
Approximately 0.1 g of tissue was sectioned from fresh-frozen biopsies of lung tissue and immediately immersed, while still frozen, in 200 l of EPR buffer [PBS supplemented with 5 M diethyldithiocarbamate (DETC; Sigma-Aldrich) and 25 M desferrioxamine (Def MOS; Sigma-Aldrich)]. To determine the specificity of detected EPR signal, additional sample groups were immersed in EPR buffer supplemented with 100 U/ml membrane permeable form of SOD (PEG-SOD). In addition, to determine the relative contribution of uncoupled NOS activity to superoxide production, equivalent samples were preincubated in 200 M S-ethylisothiourea hydrobromide (ETU; Sigma), a nonspecific inhibitor of NOS isoforms (16) . All samples were then incubated for 30 min on ice and homogenized for 30 s with a VWR PowerMAX AHS 200 tissue homogenizer. Following incubation, samples were analyzed for protein content using Bradford analysis (Bio-Rad). Sample volumes were then adjusted with EPR buffer and 25 mg/ml CMH hydrochloride to achieve equal protein content and a final CMH concentration of 5 mg/ml. Samples were further incubated for 60 min on ice and then centrifuged at 14,000 g for 15 min at room temperature. Supernatant (35 l) from each sample was loaded into a 50-l capillary tube and analyzed with a MiniScope MS200 ESR (Magnettech, Berlin, Germany) at a microwave power of 40 mW, modulation amplitude of 3,000 mG, and modulation frequency of 100 kHz, with a magnetic strength of 333.95-3,339.94 mT. Resulting EPR spectra were analyzed using ANALYSIS v.2.02 software (Magnettech), whereby the EPR maximum and minimum spectral amplitudes for the CM ⅐ superoxide spintrap product waveform were quantified.
To quantitate the amount of superoxide per milligram of protein, we also performed a standard reaction of the superoxide-generating enzyme xanthine oxidase in the presence of xanthine and CMH. A reaction curve was generated by adding 1 U/ml xanthine oxidase (0.5 U/mg; Sigma) into 500 M xanthine (Sigma) solution in PBS, pH 7.4, in the EPR reaction buffer described above. Reactions were allowed to proceed at 25°C for up to 20 min. Following incubation, 35 l of each reaction mixture were loaded, and the EPR spectra were analyzed as described above. Given that 1 unit of xanthine oxidase, under standard reaction conditions, converts 1 mol of xanthine per minute at 25°C, on the basis of this standard curve, we calculated the coefficient of 840.6 EPR amplitude units/mol of superoxide produced in the reaction. We then utilized this to convert the waveform amplitude generated by each sample into micromole of superoxide per milligram of protein. Experimental groups were then compared for differences in superoxide concentration using statistical analysis.
Measurement of NO x. To quantify bioavailable NO, NO and its metabolites were determined in tissue and plasma from shunted lambs. In solution, NO reacts with molecular oxygen to form nitrite and with oxyhemoglobin and superoxide anion to form nitrate. Nitrite and nitrate are reduced using vanadium(III) and hydrochloric acid at 90°C. NO is purged from solution resulting in a peak of NO for subsequent detection by chemiluminescence (NOA 280; Sievers Instruments, Boulder, CO), as we (5, 24) have previously described. The sensitivity is 1 ϫ 10 Ϫ12 mol, with a concentration range of 1 ϫ 10 Ϫ9 to 1 ϫ 10 Ϫ3 molar of nitrate. Immunoprecipitation: Western blot analysis for eNOS nitration. To confirm that changes in eNOS uncoupling and increased superoxide generation were associated with eNOS nitration, we determined the level of eNOS protein nitration in 2-(n ϭ 4), 4-(n ϭ 5), and 8-wk-old (n ϭ 4) shunt and age matched control lambs utilizing an immunoprecipitation-Western blot technique we (44) have previously described. Frozen lung tissue from shunted and control lambs was homogenized in 3ϫ volume per tissue weight of immunoprecipitation buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl 2, 1 mM EDTA, and 2% glycerol supplemented with protease inhibitors), centrifuged at 14,000 rpm at 4°C for 10 min, the supernatant was collected, and the protein concentration was quantified by the Bio-Rad DC Protein Assay. To 1,000 g of total protein, 20 l of Protein G-Agarose (EMD/Calbiochem, San Diego, CA) was added and then nutated at 4°C for 1 h to preclean the samples. Samples were then centrifuged at 12,800 rpm for 30 s. Two micrograms of anti-eNOS antibody was then added to the supernatants, the volume was brought to 1 ml with immunoprecipitation buffer, and the mixture was nutated at 4°C overnight. To precipitate the bound eNOS, 30 l of Protein G-Agarose (EMD/Calbiochem) was added, and the samples were nutated for 1 h at 4°C. To collect the bead-bound antibody, the samples were centrifuged at 12,800 rpm for 30 s, the supernatant removed, and the beads washed with 500 l of immunoprecipitation buffer. The wash step was repeated two additional times, and 30 l of 2ϫ Laemmli sample buffer was added to the samples and boiled for 5 min. The samples were then divided equally and loaded onto duplicate Life 4 -20% Tris-SDS-HEPES gels (Gradipore, Frenchs Forest, Australia) and run to completion according to the manufacturers' instructions. The proteins were transferred to ImmunBlot PVDF membrane (Bio-Rad), and the membrane was blocked with 5% skim milk in TBS containing 0.1% Tween for 1 h to overnight. The membranes were probed with antibodies to either eNOS (to normalize for the immunoprecipitation efficiency) or 3-nitrotyrosine (EMD/Calbiochem), and reactive bands were visualized using the SuperSignal West Femto Maximum Sensitivity Substrate Kit (Pierce, Rockford, IL) and Kodak 440CF image station. Relative nitrated eNOS was then determined as a ratio of the 3-nitrotyrosineeNOS-to-total eNOS signals with the controls set to 1.0 for each age examined.
Statistical analysis. The means Ϯ SD were calculated for the Western blot analyses, hemodynamic variables, NOS activities, NO x levels, fluorescence intensity, and EPR amplitudes. Differences over time were determined by ANOVA for repeated measures, and Student-Newman-Keuls post hoc testing was performed. Values between groups were compared by unpaired t-test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

Hemodynamics.
The hemodynamic data for sham-operated control and shunted lambs at 2, 4, and 8 wk of age are shown in Table 1 . There were no differences in any of the hemodynamic indices from 2 to 8 wk in control lambs. In shunted lambs, there were no differences in any of the hemodynamic indices or the pulmonary to systemic blood flow ratios (Qp/Qs) from 2 to 8 wk of age.
Pulmonary blood flow and pulmonary arterial pressures were greater in shunted lambs than sham-operated controls at each age (Table 1 ). In addition, at 2 wk of age, left atrial pressure and systolic systemic arterial pressure were greater, and diastolic systemic arterial pressure and calculated left pulmonary vascular resistance were lower in shunted lambs compared with control lambs (Table 1) . Finally, diastolic systemic arterial pressure and arterial PO 2 (Pa O2 ) were lower in shunted lambs than control lambs at 4 wk of age (Table 1) .
Pulmonary vascular reactivity. At 2 wk of age, shunted lambs demonstrated a significant decrease from baseline in pulmonary artery pressure ( Fig. 1 ; P Ͻ 0.05) and calculated pulmonary vascular resistance (Ϫ14.9% Ϯ 11.4%; P Ͻ 0.05) in response to ACh. However, at 4 and 8 wk of age, neither pulmonary artery pressure (Fig. 1) nor pulmonary vascular resistance (Ϫ2.2% Ϯ 4.8% at 4 wk and ϩ13.3% Ϯ 12.0% at 8 wk) changed significantly from baseline in response to ACh.
In contrast, pulmonary artery pressure ( Fig. 1 ; P Ͻ 0.05) and calculated pulmonary vascular resistance [Ϫ17.9% Ϯ 16.9% (at 2 wk), Ϫ25.1% Ϯ 9.7% (at 4 wk), and Ϫ17.6% Ϯ 9.7% (at 8 wk); P Ͻ 0.05] decreased significantly in response to iNO in all age groups.
As expected, sham-operated lambs demonstrated a decrease in pulmonary artery pressure and calculated pulmonary vascular resistance in response to both ACh and iNO at each age group. At 2 wk, pulmonary artery pressure decreased 11.4% Ϯ 4.5% and 26.3% Ϯ 7.9%, and calculated pulmonary vascular resistance decreased 24.7% Ϯ 12.7% and 37.3% Ϯ 16.5% in response to ACh and iNO, respectively (P Ͻ 0.05). At 4 wk, pulmonary artery pressure decreased 12.3% Ϯ 5.1% and 15.9% Ϯ 8.5%, and calculated pulmonary vascular resistance decreased 25.8% Ϯ 16.8% and 23.2% Ϯ 6.7% in response to ACh and iNO, respectively (P Ͻ 0.05). At 8 wk, pulmonary artery pressure decreased 9.8% Ϯ 4.0% and 22.4% Ϯ 5.2%, and calculated pulmonary vascular resistance decreased 32.3% Ϯ 9.2% and 23.4% Ϯ 9.9% in response to ACh and iNO, respectively (P Ͻ 0.05).
NOS protein levels. eNOS protein expression as determined by Western blot analysis on peripheral lung tissue taken from sham-operated control lambs and shunted lambs at 2, 4, and 8 wk of age are shown in Fig. 2 . eNOS protein levels were greater in shunted lambs than controls at 4 wk but not at 2 or Values are means Ϯ SD. PAP, pulmonary arterial pressure; LAP, left atrial pressure; RAP, right atrial pressure; BP, systemic blood pressure; Qp/Qs, pulmonary-to-systemic blood flow ratio; LPVR, left pulmonary vascular resistance; PaCO 2 , arterial PCO 2 . *P Ͻ 0.05 compared with sham-operated control lambs at the corresponding age.
8 wk (P ϭ 0.067). iNOS and nNOS protein levels were minimally detectable and not different between control lambs and shunted lambs at 2, 4, and 8 wk of age (data not shown). To confirm further that inflammation due to abnormal pulmonary blood flow did not alter iNOS expression, immunohistochemistry was also performed on peripheral lung tissue taken from control and shunted lambs at 2, 4, and 8 wk of age (Fig. 3) . Immunohistochemistry did not detect changes in iNOS protein between shunt and control lambs at any age and demonstrated iNOS localization to the pulmonary vasculature in both the endothelial and smooth muscle cell layers (Fig. 3) . As expected, eNOS localized to the endothelial cell layer in each age group (Fig. 3) .
NOS activity. Total NOS activity and calcium-independent NOS activity in peripheral lung samples at 2, 4, and 8 wk of age in sham-operated control and shunted lambs are shown in Fig. 4 . Total NOS activity in control lambs did not change from 2 to 8 wk of age. However, in shunted lambs, total NOS activity increased from 2 to 8 wk of age (ANOVA, P Ͻ 0.05) and was significantly greater at 4 and 8 wk of age than at 2 wk of age (P Ͻ 0.05). At 8 wk of age, NOS activity was greater in shunted lambs than controls (P Ͻ 0.05). Calcium-independent NOS activity did not change from 2 to 8 wk of age in either control or shunted lambs and was lower than total NOS activity at all ages for both groups (P Ͻ 0.05). NO x levels. Plasma and tissue NO x levels from shamoperated control and shunted lambs at 2, 4, and 8 wk of age are shown in Fig. 5 . At 2 wk, plasma and tissue NO x levels were higher in shunted lambs than control lambs (P Ͻ 0.05). Plasma and tissue NO x levels decreased below 2 wk levels at 4 and 8 wk of age in both control and shunted lambs (ANOVA, P Ͻ 0.05).
Lung tissue NO x levels relative to total NOS activity are shown for sham-operated control and shunted lambs at 2, 4, and 8 wk of age in Fig. 6 . When evaluated relative to NOS activity, NO x levels were lower in shunted lambs than control lambs at 4 and 8 wk of age ( Fig. 6 ; P Ͻ 0.05).
HSP90 protein levels. Lung tissue HSP90 protein expression, as determined by Western blot analysis, was similar in sham-operated control and shunted lambs at 2, 4, and 8 wk of age (Fig. 7) .
Superoxide quantitation. Relative superoxide levels, as determined by EPR on peripheral lung taken from sham-operated control and shunted lambs at 2, 4, and 8 wk of age, are shown in Fig. 8A . Superoxide levels (plotted as micromolar per milligram of tissue) increased from 2 to 8 wk of age (ANOVA, P Ͻ 0.05) in both groups. In addition, superoxide levels were elevated in shunted lambs vs. controls at each age (P Ͻ 0.05). Specificity of the EPR assay for superoxide was confirmed by a significant reduction in the waveform amplitude with the addition of PEG-SOD to the samples (data not shown; Ref. 45 ).
To determine to what extent the contribution of superoxide production arose from uncoupled NOS, samples were incubated with 200 M ETU for 30 min on ice before the addition of CMH. ETU-mediated inhibition of NOS resulted in almost no change in EPR amplitude of control animals, whereas shunt animals showed up to ϳ30% reduction in signal (Fig. 8B) .
eNOS nitration. Lung tissue-nitrated eNOS protein levels were determined by immunoprecipitation and Western blot analysis in sham-operated control and shunted lambs at 2, 4, and 8 wk of age. Nitrated eNOS protein levels were greater in shunted lambs than control lambs at each age (P Ͻ 0.05) and increased from 2 to 8 wk in shunted lambs (ANOVA, P Ͻ 0.05; Fig. 9 ).
DISCUSSION
This study used a large aorta to pulmonary artery vascular graft placed in late gestation fetal lambs to model a congenital cardiac defect with significantly increased pulmonary blood flow. In agreement with human studies, over time, shunted lambs developed impaired endothelium-dependent pulmonary vascular relaxation, whereas endothelium-independent pulmonary vascular relaxation remained intact (11, 31) . Thus this model mimics the clinical manifestations of pulmonary vascular disease that are most responsible for morbidity in the current era of early surgical repair (31) . In addition, our investigational timeframe captured the development of this Fig. 1 . Changes in pulmonary artery pressure (PAP), expressed as percent change from baseline, in response to ACh (1 g/kg) , an endothelium-dependent agent, and inhaled nitric oxide (NO; 40 ppm), an endothelium-independent agent, in shunted lambs at 2, 4, and 8 wk of age. At 2 wk of age, PAP decreased significantly from baseline in response to ACh and inhaled NO. At 4 and 8 wk of age, PAP decreased significantly in response to inhaled NO but not to ACh. n ϭ 5 for each group. Values are means Ϯ SD. *P Ͻ 0.05 compared with baseline. Fig. 2 . Lung tissue endothelial nitric oxide synthase (eNOS) protein expression in sham-operated control and shunted lambs at 2, 4, and 8 wk of age. Top: representative Western blots are shown for eNOS protein extracts prepared from lung tissue separated on a 7.5% SDS-polyacrylamide gel, electrophoretically transferred to Hybond membranes, and analyzed using a specific antiserum raised against eNOS and reprobed with ␤-actin to demonstrate equal loading. Bottom: densitometric values for eNOS protein shown relative to control. *P Ͻ 0.05 vs. age-matched control; n ϭ 5 for each group. Values are means Ϯ SD.
selective endothelial dysfunction, which occurred between 2 and 4 wk of age. In association with this development, we found progressive decreases in plasma and lung tissue NO x levels, which were not due to decreased lung tissue NOS protein levels or activity, and progressive increases in lung tissue superoxide and nitrated eNOS protein levels, an indirect measure of peroxynitrite formation. Together, these data suggest that decreased bioavailable NO, in part due to scavenging by superoxide, may contribute to impaired endothelium-dependent pulmonary vascular relaxation and increased constriction that develops in association with abnormally increased pulmonary blood flow.
NOS function was assessed in several ways. Using whole animal hemodynamic responses, we determined agonist-induced pulmonary vascular relaxation after the administration of ACh, an agonist that requires eNOS to produce NO, and iNO that does not require NOS function but rather directly stimulates pulmonary vascular smooth muscle cells. Impaired agonist-induced NOS function was demonstrated to occur between 2 and 4 wk, since by 4 wk of age the NOS-dependent response was lost, but the NOS-independent response remained intact. NOS function in response to stimulation may or may not relate to its function under basal conditions. Therefore, we evaluated basal NOS function by determining NOS activity and NO x levels. Interestingly, we found that whereas NOS activity increased, the product NO decreased, as determined by NO x levels. Furthermore, NO x levels relative to NOS activity were markedly lower in shunted lambs than age-matched sham-operated controls. These data suggest that, in addition to agonist-induced NOS dysfunction, basal NOS function is also disrupted by chronic exposure to abnormally increased pulmonary blood flow. Moreover, these data indicate a central role Fig. 3 . In vivo expression of inducible NOS (iNOS) in the pulmonary vasculature of sham-operated control and shunted lambs at 2-(A), 4 (B), and 8 (C) wk of age. The expression in the smooth muscle cell layer was identified by colocalization with caldesmon and in the endothelial cell layer by colocalization with eNOS. iNOS expression is in green, and caldesmon and eNOS are in red. For each cell layer, controls are shown at the top and shunted are shown at the bottom. Images were taken as z-stack using a ϫ40 objective. The merged images are an orthogonal view showing a clear colocalization in x-, y-, and z-planes indicating that iNOS localized to both the smooth muscle cell and endothelial cell layers. The magnified view of the boxed area is also shown adjacent to merged image. Results are representative of 6 different sets of lambs. D represents the mean fluorescent intensity of iNOS for control and shunted lambs at each age group. iNOS quantification by fluorescent intensity did not demonstrate differences between control and shunted lambs at any age.
for altered NO bioavailability in pulmonary vascular dysfunction under these conditions.
To investigate a potential role for oxidative stress in this pathology, we measured superoxide levels in lung tissue by EPR and found that they were greater in shunted lambs than age-matched controls at each age group and increased over time in both groups. In addition, our analysis indicated that eNOS uncoupling contributed to superoxide levels to an increasing degree from 2 to 8 wk in shunted lambs. Thus, although there is a normal developmental increase in superoxide generation, this response appears to be exaggerated by the stimulus of increased pulmonary blood flow. Previously, we demonstrated increased lung tissue superoxide levels, as measured by dihydroethidium oxidation, in shunted lambs at 4 wk of age that resulted, in part, from an increase in NADPH oxidase activity and eNOS uncoupling (15) . In addition, in a previous study, we (20) found that superoxide scavenging normalized the responses of isolated 5th generation pulmonary arteries, harvested from 4-wk shunted lambs. The present study confirms these previous in vivo and ex vivo findings using a different, more sensitive technique to capture lung tissue superoxide levels and, more importantly, expands the investigation to include 2-wk shunted lambs that have not yet developed impaired pulmonary vascular responses and 8-wk-old lambs that have been exposed to twice the duration of abnormal pulmonary blood flow.
Given our previous studies, we anticipated finding increased superoxide levels in shunted lambs, which we hypothesized would result in increased peroxynitrite production due to a rapid reaction with NO. The determination of peroxynitrite levels in vivo is challenging. Peroxynitrite readily nitrates protein tyrosine residues, and thus Western blot analysis of nitrotyrosine provides an indirect measure of peroxynitrite levels. Thus to focus this type of analysis on a relevant protein in our study, we used a combined immunoprecipitation-Western blot technique to determine levels of nitrated eNOS protein in shunted and control lambs. We found that nitrated eNOS protein levels mirrored superoxide levels in shunted lambs over time. These findings suggest that peroxynitrite production may be an important mechanism that decreases bioavailable NO in shunted lambs, in part reconciling the discrepancy between NO x levels and NOS protein expression and activity.
The potential effects of nitration on eNOS are unclear. In a previous study of normal lambs chronically exposed to exogenous NO, we (26) demonstrated increased superoxide and Fig. 4 . Total NOS activity and calcium-independent NOS activity in lung tissue from sham-operated control and shunted lambs at 2, 4, and 8 wk of age. In sham-operated control lambs, total NOS activity did not change from 2 to 8 wk of age (white bars). In shunted lambs, total NOS activity increased from 2 to 8 wk of age (ANOVA) and was greater at 4 and 8 wk of age than at 2 wk of age (black bars). Total NOS activity was greater than calcium-independent NOS activity in both sham-operated control lambs (gray bars) and shunted lambs (crossed bars) at all ages. n ϭ 5 for each group. Values are means Ϯ SD. *P Ͻ 0.05 compared with 2-wk shunt; †P Ͻ 0.05 compared with calciumindependent NOS activity within each age group; §P Ͻ 0.05 compared with 2-wk sham-operated control. nitrated eNOS protein levels. Furthermore, in an earlier in vitro study using cultured pulmonary artery smooth muscle cells, we (44) demonstrated that endothelin-1 exposure induced increases in superoxide, peroxynitrite, and eNOS nitration. In both these studies, eNOS nitration was associated with a decrease in eNOS activity, contrary to the findings in the present study. Importantly, the conditions resulting in increased superoxide generation differed between these studies and the present study of shunted lambs. It is possible that differences in the amount of peroxynitrite generated in response to exogenous NO compared with that produced by the uncoupling of eNOS explains this difference. Differences in the amount of peroxynitrite in the pulmonary vasculature might alter the number and location of the tyrosine residues nitrated, which could, in turn, determine whether eNOS is partially uncoupled or completely inhibited. For example, our recent study demonstrated that 19 of the 30 tyrosine residues found in eNOS could be nitrated (50) . Interestingly, our data identified 4 such tyrosine residues in the region of eNOS responsible for the binding to HSP90 (13) . We (40) and others (29) have shown previously that HSP90 is responsible for ensuring efficient coupling of eNOS. Furthermore, we (36, 40) have previously found that eNOS-HSP90 interactions are decreased in 2-and 4-wk-old shunted lambs. Therefore, in the present study, we measured lung tissue HSP90 protein levels in shunted and control lambs at each time point but found no differences. Further studies to assess developmental alterations in eNOS-HSP90 interactions are ongoing in our laboratory and will be required to determine whether nitration of these residues actually alters eNOS-HSP90 interactions.
The present study used lung tissue obtained from distal lung biopsies for determinations of superoxide and nitrated eNOS levels. In addition to uncoupled eNOS, the lung contains multiple other potential sources for superoxide including lipoxygenase, cyclooxygenase, xanthine oxidase, NADPH oxidase, and the mitochondrion. Indeed, we (15, 36) have previously shown that both NADPH oxidase and mitochondria may be involved in the oxidative stress associated with increased pulmonary blood flow in shunted lambs. However, further studies will be required to determine the potential role of other sources of superoxide in the shunted lambs and whether their role is altered over time (9, 15) .
Measurements of NOS activity in the setting of uncoupled eNOS warrant discussion. We determined NOS activity from lung tissue using an in vitro assay in which activity was determined under maximal velocity (V max ) conditions with excess substrate and cofactors. Thus our measurements represented the maximal potential of NOS but not necessarily actual in vivo activity. Previously, we (15, 33) demonstrated that eNOS uncoupling in 4-wk-old shunted lambs occurred, in part, secondary to an increase in the oxidation of tetrahydrobiopterin (BH 4 ) to dihydrobiopterin (BH 2 ) and a decrease in plasma L-arginine levels. Thus decreases in NOS activity occurring for 8 . A: superoxide levels in lung tissue in sham-operated control and shunted lambs at 2, 4, and 8 wk of age estimated by electron paramagnetic resonance (EPR) assay using 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine ⅐ HCl (CMH), which forms a stable chemical product with superoxide. Superoxide concentrations increased from 2 to 8 wk of age in both sham-operated control and shunted lambs (ANOVA) and were greater in shunted lambs than sham-operated control lambs at each age. B: S-ethylisothiourea hydrobromide (ETU)-mediated inhibition of NOS resulted in almost no change in EPR amplitude of control lambs, whereas shunted lambs showed up to ϳ30% reduction in signal, suggesting that uncoupled eNOS contributed to superoxide levels in shunted but not control lambs. n ϭ 5 for each group. Values are means Ϯ SD. *P Ͻ 0.05 compared with age-matched shamoperated control; †P Ͻ 0.05 compared with previous sham-operated control; §P Ͻ 0.05 compared with previous shunt.
these reasons would be masked by the assay conditions used in the present study. Importantly, the changes we observed in NOS activity in shunted lambs did not relate to decreased NOS protein expression. There are three isoforms of NOS, eNOS, nNOS, and iNOS, which could contribute to total NOS activity. The two constitutive forms, eNOS and nNOS, are calcium-and calmodulin-dependent, whereas iNOS activity is calcium independent (21, 35, 47) . Various diseases that cause inflammation have been shown to increase iNOS, greatly increasing NO production (22) . Since chronically increased pulmonary blood flow is a potential stimulus for inflammation, we performed NOS activity assays both with and without calcium to determine the fraction of total NOS activity attributable to iNOS. We found that calcium-independent NOS activity did not change from 2 to 8 wk of age in either sham-operated control or shunted lambs. In addition, since in shunted lambs total NOS activity increased from 2 to 8 wk of age, the proportion of calcium-independent activity actually decreased over time. Furthermore, Western blot analysis and immunohistochemistry revealed similar levels of iNOS in lung tissue prepared from control and shunted lambs at each age that localized to pulmonary vascular endothelial and smooth muscle cells. Together, these data suggest that inflammatory alterations in iNOS do not play a significant role in the pulmonary vascular alterations induced by chronically increased pulmonary blood flow in this model. The precise contributions of eNOS and nNOS and the specific cell types contributing to NO production in this model were not determined. NOS protein levels were determined from peripheral lung samples, which likely increased sampling of the distal vasculature compared with other potential sites such as the large airways. This sampling bias may have accounted, in part, for the increased detection of eNOS relative to nNOS. However, the associated finding of impaired endothelium-dependent pulmonary vascular relaxation in 4-and 8-wk shunted lambs suggests that pulmonary vascular endothelial cells contributed to these changes.
The current study confirmed our previous studies that found an increase in eNOS protein expression at 4 wk of age in shunted lambs above normal age-matched control lambs (4). Interestingly, this increased eNOS protein expression in shunted lambs above controls did not persist at 8 wk of age. The regulation of eNOS occurs at the transcriptional, posttranscriptional, and posttranslational levels (14, 28) . For example, laminar shear stress, which is increased under conditions of increased pulmonary blood flow, increases eNOS transcription (51) . Since the relative size of the shunt decreases with body growth, shear stress may decrease over time. In the present study, the decrease in left pulmonary artery blood flow per kilogram of body weight from 2 to 8 wk did not reach significance; however, the transduction of mechanical stimuli into molecular events such as protein expression may not be captured by gross whole animal physiological measurements. In addition, several lines of evidence suggest that ROS can regulate eNOS gene expression and activity (42) (43) (44) . Finally, the disparity between eNOS protein levels and NOS activity in shunted and control lambs over time may relate, in part, to other potential posttranslational factors such as intracellular location, protein-protein interactions (e.g., calmodulin and caveolin), phosphorylation, and substrate and cofactor availability (14, 28, 30, 37) . Further studies are necessary to clarify these potential mechanisms.
Several limitations of the current study are notable. First, the in vivo measurement of NO is difficult, as NO has a short half-life and reacts rapidly with ROS, oxygen, metals, sulfhydryls, disulfides, and hemoglobin (38) . In this study, we used a validated chemiluminescence method of detecting NO and its metabolic products nitrite and nitrate, which together are termed NO x (12, 18, 48, 49) . Plasma NO x levels are representative of whole body NO generation and thus can be influenced by various factors including diet, renal function, and total body water composition. Therefore, we determined NO x levels in plasma and lung tissue and found that the levels were correlated. NO x levels decreased similarly in control and shunted animals from 2 to 8 wk, indicating a normal developmental decrease in total body NO. However, the decrease in normal lambs was associated with stable NOS activity throughout the 2-mo study period, whereas in shunted lambs the decrease in NO x levels occurred despite an increase in NOS activity, suggesting NOS dysfunction in addition to normal developmental changes in these animals.
Second, we used lung tissue to assess alterations in NOS and HSP90 protein levels, NOS activity, and ROS quantification. Therefore, these analyses do not identify the specific cell types within the lung that are responsible for these changes. Ongoing studies are investigating potential differential contributions between large and small pulmonary arteries and veins to these processes. However, the demonstration of a selective impairment in agonist induced pulmonary vascular endothelial-dependent relaxation suggests that the alterations in NOS activity and NO x levels represent or at least influence pulmonary vascular derangements.
Third, it is well-accepted that a number of pathways, especially the prostacyclin and endothelin-1 systems, are disrupted in patients with abnormally increased pulmonary blood flow. Undoubtedly, cross talk between NO signaling with these and Fig. 9 . Developmental increases in eNOS nitration in shunted lambs. Nitrated eNOS protein levels were determined by immunoprecipitation (IP) using specific antiserum raised against eNOS in tissue extracts prepared from 2-(n ϭ 4), 4-(n ϭ 5), and 8-wk-old (n ϭ 4) shunted and age-matched control lambs. Immunoprecipitated extracts were separated on 4 -20% SDS-polyacrylamide gradient gels, electrophoretically transferred to Hybond membranes, and analyzed using antisera against either eNOS or 3-nitrotyrosine residues. Representative Western Blots are shown. Densitometric analysis indicates that the levels of nitrated eNOS protein are increased in shunted lambs and that this nitration increases over time. Values are means Ϯ SE. *P Ͻ 0.05 vs. age matched control; †P Ͻ 0.05 vs. previous age. IB, immunoblot.
other pathways influences the development of pulmonary vascular dysfunction in our model. These interactions are the focus of past and present investigations.
In summary, we conclude that increased pulmonary blood flow results in progressive impairment of basal and agonistinduced NOS function. We speculate that that scavenging of NO by superoxide to produce peroxynitrite is one mechanism that decreases bioavailable NO. Several therapies for infants and children with congenital cardiac defects resulting in pulmonary vascular disease are aimed at augmenting NO-cGMP signaling such as iNO and phosphodiesterase type 5 inhibition (sildenafil). These data suggest that antioxidant therapies may also have potential efficacy for these patients. Future studies to evaluate further the mechanisms of NOS dysfunction under conditions of increased pulmonary blood flow may result in novel therapies and treatment strategies.
